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This  Semi-Annual Report cons is ts  of  p r e p r i n t s  o f  the f o l l o w i n g  two papers: 
( 1 )  "SEM/XPS Analys is  of Fractured Adhesively Bonded Graphi te  F ibe r  Surface 
Resin-Rich Graphi te F ibe r  Composites". 
Th is  paper descr ibes the  f a i l u r e  surface ana lys is  o f  adhesive ly  bonded 
carbon f i b e r  composites. The emphasis was on the  bonding o f  composites 
where the  sur face was i n t e n t i o n a l l y  made res in - r i ch .  
submitted f o r  p u b l i c a t i o n  i n  Composites. 
Th is  paper has been 
The f o l l o w i n g  r e l a t e d  paper was publ ished e a r l i e r :  
o f  Fractured Adhesively Bonded F i  bre-Reinforced Poly imide Composi tes", 
T. A. DeVi lb iss,  D. L. Messick, D. J .  Progar and J. P. Nightman, 
Composites, 16, 207-219 ( 1985). 
"SEM/XPS Ana lys is  
( 2 )  "Surface Charac te r i s t i cs  o f  Carbon Fibers".  
0 
This  paper descr ibes the surface ana lys is  o f  bo th  commercially ava i l ab le  
and pre t rea ted  carbon f i b e r s .  The i n t e r a c t i o n  o f  the f i b e r s  w i t h  
po lysu l fone i s  described. 
Conference on Composite In ter faces,  Cleveland, OH, May, 1986. Th is  paper 
w i l l  appear i n  t h e  proceedings o f  t h e  conference. 
This paper was presented a t  t h e  I n t e r n a t i o n a l  
e 
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INTRODUCTION 
1 Previous work studying the l a p  shear strengths of polyimide/graphi t e  
f iber  composites showed t h a t  gri t  b l a s t i n g  was an effective surface treatment 
. to prepare these composites for adhesive bonding. The resulting lap shear 
strengths were reasonable. 
composites was seen to occur mostly w i t h i n  the bonded composite. I t  was 
therefore t h o u g h t  t h a t  by fabricating a composite w i t h  a surface rich i n  
resin, the extent of composite failure could be reduced. 
should resul t  i n  a bonded composite t h a t  would give higher lap shear 
strengths. 
The failure mode of most of these bonded 
T h i s  modification 
1 The conclusion from the previous study on "resin-poor" samples was that 
the lap shear strength o f  the bonded composites decreased w i t h  thermal aging .  
Scanning electron microscopy showed a significant amount of fa i lure  w i t h i n  the 
composite due t o  f i ber-matrix debonding. 
showed that the fluorine signal observed on the fracture surfaces of the 
fai led lap shear jo in ts  increased w i t h  longer aging times. The locus of 
fa i lure  moved from w i t h i n  the composite to fa i lure  a t  the original bonding 
interface. I t  was n o t  concluded whether the fluorine was the cause of the 
X-ray photoelectron spectroscopy 
fa i lure  o r  whether i t  was j u s t  a symptom. 
e 2 
0 
0 
0 
EXPERIMENTAL 
Compss;i-tss 
Approximately 2.54 mm t h i c k  14 p l y  Cel ion 6000/LaRC-160 polyimide 
composites w i t h  a (0,0,0,+30,-30,+30,-30)s layup were fab r i ca t ed  a t  the 
Langley Research Center. 
the resin t o  accumulate a t  the composite sur face .  The composite prepared i n  
this manner is identified a s  a sur face  r e s in - r i ch  composite. Figure 1 shows 
the vacuum bag layup and the s tag ing  condi t ions  f o r  the prepreg compaction 
s tep .  
prepare the resin-rich composites. 
prepared f o r  bonding either by wiping w i t h  methanol (AR)  or by g r i t  b l a s t i n g  
(GB) w i t h  120 size aluminum oxide g r i t  and washing w i t h  methanol. The 
composites were then heated i n  a fo rced -a i r  oven a t  100°C overnight  before 
priming. The su r face  t r e a t e d  composites were primed w i t h  BR 348-18 (American 
Cyanamid). A supported aluminum f i l l e d  polyimide adhesive (FM 348-18) was 
Dur ing  f a b r i c a t i o n ,  an adjustment was made t o  a l low 
Figure 2 shows the vacuum bag layup and the cu r ing  condi t ions  used t o  
The sur faces  of the composites were 
placed between the composite panels and cured according t o  the cu re  cyc le  
descr ibed  previous ly  1 . 
The bonded specimens were isothermally aged i n  a forced a i r  oven 
c o n t r o l l e d  t o  w i t h i n  f 1% a t  177°C and 232°C f o r  500 and 1000 hours. The l a p  
shear  tests were conducted on an Ins t ron  Universal Tes t ing  instrument 
- 
according t o  ASTM 0-1002 a t  a cross head-speed of 1.27 mn min .  I. 
temperature  tests were performed i n  an R I Controls  clamshell  quartz-lamp 
furnace a f t e r  a 10 min. soak w i t h  the temperatures c o n t r o l l e d  t o  w i t h i n  f 3°C 
f o r  a l l  tests. 
Elevated 
Scanni nq El ec t ron  Mi croscopy (SEM) 
SEM photomicrographs were obtained using a Polaroid camera a t tached  t o  an 
0 
0 3 
0 
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a 
Advanced Metals Research model 1000 scanning e l e c t r o n  microscope. Specimens 
were c u t  on a diamond wheel saw t o  approximately 10 X 10 mn. A t h i n  f i l m  of 
g o l d  was evaporated onto the samples t o  enhance the conduc t i v i t y .  
X-Ray Photoelectron Spectroscopy (XPSL 
XPS s tud ies  were conducted w i th  a Perkin-Elmer PHI-5300 e l e c t r o n  
spectrometer. A magnesium Ka x-ray source was used a t  250 mwatts power. The 
samples were prepared fo r  XPS examination by punching a 9 mm d i s k  f r o m  the 
sample of i n t e r e s t .  The sample was mounted on the specimen holder  wi th double 
s t i c k  tape. 
RESULTS AND DISCUSSION 
P re t rea ted  Sur f  aces 
SEM photomicrographs o f  t h e  r e s i n - r i c h  samples are shown i n  F igure 3. I t  
can be seen t h a t  t he  surface i s  smooth. SEM photomicrographs o f  the composite 
samples from the previous work showed peaks and v a l l e y s  due t o  r e s i n - r i c h  and 
resin-poor regions created by the re lease c l o t h  weave. 
r e s i n - r i c h  sample shows 77. X carbon, 17. X oxygen, 3.1 X nit rogen, 1.4 X 
f l u o r i n e ,  0.5 X sodium, and 0.4 X copper. 
no t  a v a i l a b l e  f o r  analysis.  
1 
XPS ana lys i s  of the 
The g r i t  b las ted  (GB) sample was 
Lap Shear Strenqths 
Lap shear s t rengths o f  the bonded composites before and a f t e r  thermal 
aging are l i s t e d  i n  Table I. The predominant f a i l u r e  modes o f  the adhesive 
bond are a l s o  l i s t e d  i n  Table I. Figure  4 shows the l a p  shear s t rengths f o r  
the unaged bonded composite specimens and i n d i c a t e s  no apparent e f f e c t  o f  the 
surface pretreatment on l a p  shear strengths.  
shear s t reng th  w i t h  i nc reas ing  t e s t  temperature i s  evident.  
A s i g n i f i c a n t  decrease i n  l a p  
Figures 5 and 6 
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show the l a p  shear s t rengths f o r  aged specimens. The l a p  shear strengths 
decrease w i t h  thermal aging. 
temperatures and the longer  aging times. 
The s t reng th  l o s s  i s  g rea te r  a t  the h igher  
Scanninq E l e c t r o n  Microscopy 
SEM photomicrographs of the surfaces o f  the f a i l e d  r e s i n - r i c h  l a p  shear 
The SEM photomicrographs f o r  the f a i l e d  specimens are shown i n  Figures 7-9. 
l a p  shear specimens of Reference 1 were presented i n  t h a t  p u b l i c a t i o n  and w i l l  
n o t  be repeated here. Figure 7 i s  t y p i c a l  o f  the type o f  f a i l u r e  seen i n  t h e  
m a j o r i t y  o f  the ' f a i l e d  r e s i n - r i c h  specimens. I t  can be seen t h a t  i n  a d d i t i o n  
t o  the  adhesive f a i l i n g  w i t h i n  the bondline, there i s  a considerable amount of 
bare f i b e r  showing. 
be caused from w i t h i n  the composite. 
f a i l u r e .  I t  can be seen t h a t  much o f  the o r i g i n a l  surface i s  exposed. I n  
add i t i on ,  t he re  i s  some adhesive l e f t  on the f a i l u r e  surface. 
The observat ion o f  bare f i b e r  i n d i c a t e s  t h a t  f a i l u r e  may 
F igure 8 shows a t y p i c a l  adhesive type 
X- Ray P ho toe1 e c t  ron  Spectroscopy 
The XPS r e s u l t s  a re  tabulated i n  Table 11. Carbon, oxygen, and n i t r o g e n  
a re  present i n  the m a t r i x  res in ,  the f i b e r s ,  and the adhesive. 
r e s u l t s  from the mold release mater ia l  used i n  composite manufacture. 
Aluminum i s  the f i l l e r  ma te r ia l  i n  t he  adhesive. The source o f  magnesium i s  
uncertain.  
elements detected on t h e  f a i l e d  surfaces. This  i n d i c a t e s  t h a t  f a i l u r e  
occurred i n  about the same place w i t h i n  the adhesive bond f o r  each sample 
tested. The o n l y  sample t h a t  showed a d i f f e r e n c e  was the as-received (AR) 
sample which was aged 1000 hrs. a t  232" C and tes ted  a t  room temperature. 
F luo r ine  
There i s  very l i t t l e  d i f f e r e n c e  i n  the atomic percentages o f  
5 
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Th is  sample showed about 0.6% f l uo r ine .  
t h e  composite surface before bonding conf i rms t h e  assignment o f  i n t e r f a c i a l  
f a i l u r e  as i n d i c a t e d  i n  Table I. 
The presence o f  f l u o r i n e  observed on 
SUMMARY 
The sur face r e s i n - r i c h  samples d id  n o t  appear t o  g i v e  a s i g n i f i c a n t  
increase i n  the  l a p  shear strength over the  surface resin-poor samples 
previous y tested. 
and temp rature.  
f a i l e d  most ly  by cohesive f a i l u r e  w i t h i n  the adhesive. However, SEM 
examination i n d i c a t e s  t h a t  these samples a l so  had a s i g n i f i c a n t  amount of 
f i b e r / m a t r i x  debonding. Samples the rma l l y  aged a t  232' C f o r  1000 hrs. f a i l e d  
OOadhesfvely p o s s i b l y  i n d i c a t e d  by the  h igh  f l u o r i n e  content on the  f a i l e d  
surfaces.. 
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TABLE I 
LAP SHEAR STRENGTHS (LSS) AND PREDOMINANT FAILURE MODE OF 
RESIN-POOR 
BUNUtU CUMPUblltb 
RES I N-RICH 
TREATMENT TEST 
TEMPERATURE'C 
AR 
AR 
AR 
AR, 500 hrs,  177°C 
AR, 500 hrs,  177°C 
AR, 1000 hrs,  177°C 
AR, 1000 hrs,  177°C 
AR, 500 hrs,  232°C 
AR,. 500 hrs,  232°C 
AR, 1000 hrs,  232°C 
AR, 1000 hrs,  232°C 
GB 
GB . 
GB 
GB, 500 hrs,  177°C 
GB, 500 hrs,  177°C 
GB, 1000 hrs,  177°C 
GB, 1000 hrs, 177°C 
GB 500 hrs,  232" C 
GB 500 hrs, 232" C 
GB 1000 hrs,  232" C 
GB 1000 hrs,  232" C 
RT 
177 
232 
RT 
177 
RT 
177 
RT 
232 
RT 
232 
RT 
177 
232 
RT 
177 
RT 
177 
RT 
232 
RT 
232 
LSS 
0 
18 
16. 
13 
17. 
16. 
14. 
13. 
8.4 
9.1 
7.1 
6.6 
20. 
16. 
14. 
15. 
16. 
13. 
14. 
11. 
11. 
9.4 
9.0 
FA1 LURE 
MODE 
A,R 
A,C 
A,C 
A 
A,C 
A 
A 
A 
A 
A 
A 
co 
C 
C 
co 
c0,c 
co 
c0,c 
co 
c0,c 
c,co 
C 
C - Cohesive f a i l u r e  o f  the  adhesive 
CO - F a i l u r e  w i t h i n  the composite exposing bare f ibers  
A - Adhesive f a i l u r e  ( i n t e r f a c i a l  f a i l u r e )  
R - Surface r e s i n  (matr ix  polymer) separation f r o m  f i b e r s  
M - Mixed f a i l u r e  modes 
LSS 
LMPa) 
21. 
16. 
14. 
18. 
14. 
14. 
12. 
13. 
12. 
8.6 
9.3 
21. 
15. 
13. 
20. 
15. 
18. 
15. 
13. 
12. 
11. 
12. 
FA I LURE 
MODE 
C 
C 
C 
A,C 
C 
A,C 
A 
M 
A ,C 
A 
A 
C 
C 
C 
C 
C 
M 
C 
M 
C 
M 
M 
8 
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TABLE I 1  
XPS ANALYSIS OF FRACTURED LAP SHEAR RESIN-RICH SPECIMENS 
e 
4 
TREATMENT 
AR 
GB 
AR 
TEST ATOMIC CONCENTRATION ( X )  
TEMPERATURE,"C C - 0 - N - A l l %  F 
RT 79. 14. 5.0 0 . 1  NS 0.5 
RT 80. 14. 4.5 NS* 0 . 3  0.6 
232 72. 23. 5.2 0 .1  NS NS 
AR, 1000 hrs, 232°C RT 76. 19. 5.0 0.6 NS NS 
GB, 1000 hrs, 232°C 23 2 81. 14. 4.7 NSP** NS NS 
*NS - not  scanned 
**NSP - no s i g n i f i c a n t  peak m 
0 
Figure Legend 
T i t l e  -NO. 
1. 
- 
Typical  (a )  vacuum bag layup and (b) s tag ing c o n d i t i o n s  fo r  f a b r i c a t i o n  
o f  Cel i o n  6000/LaRC-160 composite. 
m 
* 
a 
0 
2. Typica l  (a )  vacuum bag layup and (b) c u r i n g  cond i t i ons  f o r  Cel ion 
6000/LaRC-160 composites. 
3. 
4. 
SEM photomicrograph o f  as received r e s i n - r i c h  composite. 
Average l a p  shear strengths f o r  unaged bonded composites. 
5. Lap shear s t reng th  t e s t  r e s u l t s  f o r  bonded composite specimens aged 
f o r  500 hrs  a t  177 and 232OC. 
6. Lap shear s t reng th  t e s t  r e s u l t s  f o r  bonded composite specimens aged 
f o r  1000 hrs  a t  177 and 232OC. 
7. SEM photomicrograph o f  f a i l ed ,  r e s i n - r i c h  composite bonded as 
received, no aging, t es ted  a t  room temperature. The appearance i s  
t y p i c a l  o f  photomicrographs where cohesive f a i l u r e  was ind i ca ted  
( 20x). 
8. SEM photomicrographs o f  f a i l e d  r e s i n - r i c h  composite bonded as 
received, aged 1000 hrs. a t  232OC, tes ted  a t  232OC. The appearance 
i s  t y p i c a l  o f  adhesive type f a i l u r e  ( Z O X ) .  
I +  
0 
( a )  VACUUM BAG LAYUP 
KaptonVacuumBag 
2 Layers 162 G l a s s  C l o t h  
S t e e l  Caul P l a t e  
Kapton Film 
TFE Coated 1 4 0  G l a s s  Cloth 
TFE Coated 1 0 4  G l a s s  Cloth 
Composite Prepreg 
TFE Coated 1 4 0  G l a s s  Cloth 
TFE Coated 1 0 4  G l a s s  Cloth 
Kapton F i l m  
S t e e l  Caul  P l a t e  
2 Layers 162 G l a s s  C l o t h  
Staging P l a t e  
(b) STAGING CONDITIONS 
VACUUM \ 
SEALANT 
1. Pull a p a r t i a l  vacuum ( i. e. 12.7 mm H g  on vacuum gage) 
2.  H e a t  a t  3 O  C/min .  ( 5 O  F / m i n . )  t o  107O C (225O F) 
3. Af te r  15 min. a t  107O (225O F) , increase vacuum 
( i .e .  1 . 2 7  mm H g  on vacuum gage) 
4 .  A f t e r  30 min. a t  107OC (225O F) , increase t o  f u l l  
vacuum 
5. Af t e r  60 min. a t  107OC (225O F ) ,  apply 0 .34  MPa 
(50 p s i )  pressure  and cont inue  hea t ing  a t  3 O  
C/min.  (5O F/min.) t o  232 
6. Holdat232OC (450°Ffor60min .  S t a r t  cooling. 
7. Remove vacuum and pressure on reaching 1 9 3 O  C (280° F) . 
8 .  . Cool t o  room temperature 
C (450 F) 
0 
0 
(a) VACUUM BAG LAYUP 
Kapton Vacuum Bag 
2 Layers 162 Glass Cloth 
Steel Caul Plate 
Kapton Film 
TFE Coated 140 Glass Cloth 
TFE Coated 104 Glass Cloth 
Staged Composite 
Kapton Film (Coatedwith Freekote 33) 
Steel Caul Plate 
2 Layers 162 Glass Cloth 
Steel Plate 
- - -. - - c - - 
RESIN RICH SURFACE 
P 
(b) CURING CONDITIONS 
1. 
2. 
3. 
4. 
5. 
6 .  
7 .  
a. 
9. 
Full vacuum from start 
Heat at 5.5O C/min. ( l o o  F/min. ) 
Apply 0.34 MPa (50 psi) upon reaching 38O C (looo F) 
Continue heating to 232O C (450° F) . 
After 15 min. at 232O C (450° F) , apply 2.1 MPa 
(300 psi 
Continue heating at 5.5 C/min. (loo F/min. ) to 
332 
Remove vacuum and pressure on reaching 232O C (450° F) 
Cool to room temperature. 
Hold 232 J C (450° F) an additional 15 min. 
C (630° F) , hold for 3 hr., Cool. 
a 
a 
c 
e 
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n 
2 20 
m 
d 
a 
c 
I.. 
I5 r 
IO b 
a 
0 5  
1 
I, 
0 0 
e 
t 
A 
0 
A-8 
A As Received ( R e f .  I sample) 
0 Grit Blast ( R e f .  I sample) 
A As Received Resin Rich 
0 Grit Blast Resin Rich 
5 0  I00 150 200 
Test Temperature (OC) 
250 
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25 
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20 
z 
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v) 
Q 
w 5  
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-1 - . A -- A Aged 500h at 177OC -A 
- 
---- i 
0 
Aged 500h at 232OC 
1 A As Received ( R e f .  I sample) 0 Grit Blast ( R e f .  I sample) A As Received Resin Rich 0 Grit Blast Resin Rich 
0 0 50 100 150 200 250 
Test Temperature ( O C )  
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25 
2 20 
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* 
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c 
c 
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a3 
L 
ti 
10 U 
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v) 
Q 
A 
0 5  
0 0 
0- 
0- 
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Aged 
-- -- 
-- 
1000 h 
-- 
1 -- 
at 177OC 
-- 
, - - -  
- 
8 Aged 1OOOh at 232°C 
\ 
0 
- -3  
b 
------ AA, ----- 
A As Received ( R e f .  I sample) 
0 Grit Blast ( Ref. I sample) 
A A s  Received Resin Rich 
0 Grit Blast Resin Rich 
5 0  100 150 200 
Test Temperature ( O C )  
250 
a 
c 
a 
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SURFACE CHARACTERISTICS OF CARBON FIBERS 
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T, A. DeVi lb iss ana J. P. Wightman 
Center f o r  Adhesion Science 
V i r g i n i a  Polytechnic I n s t i t u t e  and State U n i v e r s i t y  
81 ac ksburg , V i  r g i  n i a  24061 
INTRODUCTION- 
The use of carbon f i b e r s  as a r e i n f o r c i n g  ma te r ia l  i n  thermosett ing 
matr ices has found wide use. With the use o f  r e a c t i v e  epoxy resins,  i t  i s  
reasonable t o  assume t h a t  chemical react ions could occur between the epoxy and 
the carbon f i be r .  Most thermosett ing m a t r i x  composites tend t o  be b r i t t l e .  
Thermoplastic m a t r i x  m a t e r i a l s  on the  o the r  hand tend t o  be more d u c t i l e .  
The i r  use may a l l o w  'the manufacture of composites having h igh  f r a c t u r e  
toughness. 
composite formation, they are l e s s  l i k e l y  t o  form chemical bonds between f i b e r  
and matr ix.  Th is  work i s  aimed a t  understanding the phys ica l  s t r u c t u r e  and 
chemical composit ion o f  carbon f i b e r  surfaces i n  order  t o  promote adhesion t o  
the rmo p 1 a s t i  c ma t r i ce s . 
However, s ince they do not undergo f u r t h e r  po lymer izat ion upon 
EXPERIMENTAL 
Carbon F ibers 
The f i b e r s  used i n  t h i s  study included Hercules AU-4 (a low modulus 
carbon f i b e r  w i t h  no surface treatment), Hercules AS-4 (same as AU-4 bu t  
having undergone a p r o p r i e t a r y  surface treatment)  Celanese Cel ion 6000 and 
Union Carbide T-300. Two types o f  T-300 f i b e r  were studied; one had been 
surface t r e a t e d  and the o the r  no surface treatment. 
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Surface Treatments 
The surface treatments used i n  t h i s  study inc luded anodizat ion o f  AU-4 i n  
H2S04, NaOH, “4HC03s (NH4)ZS04s and H20, and b o i l i n g  AS-4 i n  70% n i t r i c  ac id  
fo r  3 hours. 
t reatment  times are l i s t e d  i n  Table 1. The f i b e r s  were r insed i n  d i s t i l l e d  
water and d r i e d  i n  an oven a t  100°C f o r  12 hours a f t e r  anodization. 
Surface Analys is  
The e l e c t r o l y t e  concentrations, voltages, cu r ren t  densi t ies,  and 
The surfaces o f  the f i b e r s  were analyzed by x-ray photoelect ron 
spectroscopy (XPS) and scanning e lec t ron  microscopy (SEM). 
recorded on a Perk in  Elmer P H I  5300 e l e c t r o n  spectrometer w i t h  a magnesium Ka 
x-ray source operated a t  250 mwatts. SEM photomicrographs were obtained on a 
P h i l i p s  420 scanning t ransmiss ion e lec t ron  microscope. 
Surface Der i  v a t i  z a t i  on 
XPS spectra were 
I n  order  t o  ob ta in  a b e t t e r  understanding of the  f u n c t i o n a l i t y  o f  the 
carbon f i b e r  surface, a d e r i v a t i z a t i o n  scheme developed by Everhart  and 
R e i l l e y  (1) was used. 
f l u o r i n e  o r  some o the r  elemental t a g  i s  used. The reagents are chosen so t h a t  
they w i l l  r e a c t  on l y  w i t h  s p e c i f i c  func t iona l  groups on the surface o f  
i n t e r e s t .  By scanning f o r  the elemental t ag  us ing XPS, the  presence o f  t h a t  
funct ional  group can be i d e n t i f i e d  on the surface. A schematic diagram o f  t he  
d e r i v a t i z a t i o n  process and the  reagents used are o u t l i n e d  i n  F igure 1. 
Surface MolecuJar S t ruc ture  Determination 
I n  t h i s  technique, a ser ies  o f  reagents conta in ing  
I n  order  t o  understand more about the molecular s t r u c t u r e  o f  the carbon 
f i b e r  sur face a f t e r  anodization, u l t r a v i o l e t  absorpt ion spectra o f  the  
anodizat ion bath were obta ined on a Perk in  Elmer 3300 U V / V I S  
spectrophotometer. 
a Vacuum Generators VG/SIMS LAB secondary i o n  mass spectrometer us ing neu t ra l  
Mass spect ra of the  carbon f i b e r  surfaces were obtained on 
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argon ions as the bombarding source. 
emi t ted f rom the surface were detected w i t h  a quadrupole mass spectrometer. 
Mass f racjrents f r o m  0-200 atomic inass t i n i t s  (AMU) were detected. 
Surface Enerqy Analys is  
P o s i t i v e  and negat ive mass fragments 
The we t t i ng  fo rce  of the carbon f i b e r s  were measured i n  f i v e  l i q u i d s  o f  
va ry ing  p o l a r  and d i spe rs i ve  components using a Pe rk in  Elmer TGA-2 
microbalance. 
adhesive. The f i b e r s  were then d r ied  i n  an oven a t  100" C f o r  4 hours. The 
The f i b e r s  were attached t o  a w i r e  hook w i t h  a cyanoacrylate 
hook was then placed i n  the microbalance and the l i q u i d  was ra i sed  up t o  wet 
the f i b e r .  
l i q u i d  surface energy, and the wet t ing fo rce  as descr ibed by Hammer and D r z a l  
(2). S i x  f i b e r s  were measured f o r  each l i q u i d  and surface treatment. The 
l i q u i d s  used inc luded water, ethylene g l yco l ,  formamide, methylene iod ide,  and 
The contact  angle was ca lcu lated from the f i b e r  diameter, the 
bromonaphthalene. 
were determined by assuming a geometric mean i n t e r a c t i o n  between the 
d i spe rs i ve  surface energy on the f i b e r  and the  l i q u i d ,  and between p o l a r  
groups on the f i b e r  and the l i q u i d ,  t o  account f o r  the work o f  adhesion. 
This  technique has been described by Hammer and Drzal  (2). 
Breakjng Strenqth 
Po la r  and d ispers ive components o f  the f i b e r  surface energy 
a 
The breaking s t reng th  o f  the f i b e r s  ( l eng th  = 2.5 cm) were measured. The 
f i b e r s  were attached wi th  a cyanoacrylate adhesive across a paper tab. 
paper tab was then mounted i n  a t ab le  model Inst rom w i t h  a 50 g capaci ty  l o a d  
The 
c e l l .  E l e c t r i c a l  a l l i g a t o r  c l i p s  were used as the machine clamps. The paper 
was then burned away w i t h  a nichrome w i r e  attached t o  a 10 V power supply. 
The f i b e r  was then p u l l e d  i n  tens ion wi th  a crosshead speed o f  5 mm per 
minute. 
i n t e r e s t .  
Twenty t o  t h i r t y  f i b e r s  were broken f o r  each f i b e r  surface o f  
The breaking s t reng th  was a l so  measured as a f u n c t i o n  o f  length. 
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The f ibers  were mounted i n  paper tabs similar t o  the ones described above 
except t h a t  they h ~ ~ r  12.5 or 6 mm holes. 
F i  Ser Cr! t i  cal Length 
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To measure the interaction of the matrix w i t h  the f iber ,  a f iber  c r i t i ca l  
length t e s t  was performed as described by Wadsworth and Spilling (3) .  In this  
t e s t ,  an annealed (6OO0F, 30 m i n  oven cool) All00 aluminum coupon (2.5 cm x 15 
cm) was coated w i t h  a 5 g/100 m l  solution of UDEL P1700 polysulfone i n  
methylene chloride. Fibers were t h e n  individually placed on the coated coupon 
spaced abou t  7 mm apa r t .  
solution. After the solvent was allowed t o  evaporate, the coupon-fiber- 
polymer system was annealed a t  250°C i n  a vacuum oven f o r  12  hours. The 
coupons were cooled i n  the oven. 
tension to  30% strain i n  an Instron testing machine. 
were measwed on a microscope w i t h  a micrometer stage. 
Adsorption From Solution 
4. 
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The fibers were then coated w i t h  the polysulfone 
After cooling, the coupons were pulled i n  
The broken f iber  lengths 
In order t o  obtain an understanding of the interaction between polymers 
and carbon surfaces, an adsorption from solution experiment was performed. 
Graphite powder o f  about 10 m / g  was used. 
surface area o f  carbon f ibers  was too low (0.5 m /gm) t o  give a significant 
concentration change. 
2 I t  was determined t h a t  the 
2 
Solutions of UDEL P1700 polysulfone ( r a n g i n g  from 3 x 
t o  1 x 10-2g/100 ml) i n  methylene chloride o r  chloroform were prepared. 
To a 10 m l  a1 iquot of the solution, 0.5 g of the graphite powder was added. 
The system was shaken overnight and  then centrifuged. 
centrifuged solution were d i l u t e d  1O:l. 
polysul fone direct ly  proportional to the amount of polysulfone adsorbed, was 
detected using a Perkin Elmer ultraviolet spectrometer s e t  a t  265 nm. 
Aliquots of the 
The change i n  concentration of the 
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RESULTS AND DISCUSSION 
The carbon 1s photopeaks and atomic concentrat ions o f  elements detected 
by XPS cn the surface o f  carbon f i be rs  as received from the manufacturer are 
shown i n  F igure 2. The surface t rea ted  f i b e r s  conta in  about 20% t o t a l  oxygen 
and n i t r o g e n  content. It can be seen t h a t  the Hercules surface treatment adds 
more n i t r o g e n  t o  the  f i b e r  surface than the o the r  commercial treatments. 
SEM photomicrographs of the commercially a v a i l a b l e  f i b e r s  are shown i n  
F igu re  3. 
surface when compared t o  the Cel ion 6000 and Union Carbide T-300 f i be rs .  
I t  can be seen t h a t  the Hercules f i b e r s  have a f a i r l y  smooth 
The d e r i v a t i t a t i o n  r e s u l t s  f o r  the AS-4 and Ce l i on  6000 f i b e r s  are shown 
i n  Tables I1 and I11 respect ive ly .  The main fea tu re  t o  observe i n  these 
tab les  i s  the appearance of the f l u o r i n e  s ignal  from the elemental tag. I t  
can be seen t h a t  the f l u o r i n e  s ignal  increases f o r  the PFB r e a c t i o n  on the 
AS-4 f i b e r s .  
The Ce l i on  6000 f i b e r  i s  observed t o  have amine and carbonyl groups on i t s  
surface. 
This i n d i c a t e s  there might be amine groups on the AS-4 surface. 
The carbon 1s photopeaks as w e l l  as the atomic concentrat ions o f  elements 
detected by XPS f o r  the surface t rea ted  f i b e r s  are shown i n  F igure 4. I t  can 
be seen t h a t  these treatments add f r o m  17 t o  30% t o t a l  oxygen and n i t r o g e n  t o  
the f i b e r  surface. The NaOH treatment added o n l y  17% oxygen. The treatments 
i n  ammonium s a l t s  as w e l l  as the n i t r i c  ac id  b o i l  added both oxygen and 
n i t r o g e n  t o  the f i b e r  surface. 
The SEM photomicrographs o f  the surface t r e a t e d  f i b e r  are shown i n  
F igure 5. 
layers o f  the f i b e r  surface. 
surface. 
the surface more uni formly.  
I t  can be seen t h a t  t he  0.05 M s u l f u r i c  a c i d  appears t o  f l a k e  o f f  
The 0.05M NaOH treatment etches i n t o  the f i b e r  
A t  h igher  concentrat ions o f  NaOH, the t reatment appears t o  a t t a c k  
The n i t r i c  a c i d  b o i l  causes l a r g e  etch p i t s .  
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The u l t r a v i o l e t  absorpt ion spectra o f  the s u l f u r i c  a c i d  and t4aOH 
anodizat ion baths are  shown i n  Figure 6. 
the v i s i b l e  region. The s u l f u r i c  acid bath absorpt ion drops o f f  q u i c k l y  i n  
the v i s i b l e  region. Th is  i nd i ca tes  t h a t  the molecular species created by NaOH 
are  more aromat ic than the molecular species created by the  s u l f u r i c  acid. 
The NaOH bath has an absorpt ion i n t o  
I n  o rder  t o  determine if the same molecular species could be detected on 
the  f i b e r  surfaces, the fas t  atom bombardment mass spectra (FABMS) o f  these 
f i b e r  surfaces are  shown i n  F igure 7. The upper spectra show the mass 
fragments from 0 t o  100 atomic mass u n i t s  (AMU) emi t ted  f rom the f i b e r  
surface. The p a t t e r n  f o r  both f i b e r s  show a c rack ing  p a t t e r n  t y p i c a l  o f  
a l i p h a t i c  compounds. The lower spectra show t h e  mass fragments o f  100 t o  200 
AMU emi t ted  from the f i b e r  surface. These h igher  mass fragments can be 
assigned t o  aromat ic compounds. I t  should be pointed our here t h a t  the NaOH 
spectrum i n  the 100-200 AMU reg ion  is ten  t imes l e s s  in tense than the s u l f u r i c  
a c i d  t r e a t e r  f ibers.  Th is  ind ica tes  t h a t  the f i b e r s  anodized i n  s u l f u r i c  a c i d  
may be more aromatic than the NaOH t rea ted  f ibers .  
The p o l a r  and d ispers ive  components o f  the sur face energy of the  f i b e r s  
s tud ied  are  l i s t e d  i n  Table I V .  
measurements. 
Some i n t e r e s t i n g  observat ions however a re  t h a t  the Union Carbide f i b e r s  have a 
low po la r  component, and the s u l f u r i c  a c i d  anodized f i b e r s  have a h igh  
d ispers ive  component. 
the sur face were aromat ic as ind ica ted  by the FABMS resu l ts .  
There was a l o t  o f  v a r i a b i l i t y  i n  these 
Therefore, the d i f fe rences  observed may n o t  be s i g n i f i c a n t .  
Th is  h igh  d ispers ive  component would be p red ic ted  i f  
The breaking s t rengths o f  theaf ibers  a t  2.54 cm leng th  are l i s t e d  i n  
Table V. I t  can be seen t h a t  the  surface treatment caused about a 20% l o s s  i n  
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the strength of the f iber .  
larger a t  6V for  2 min) are thus probably too severe. 
The treatments used here (0.5M lJaOH or H2S04 
The breaking strengths 
'of the Hercules a n d  Union Carbide fibers a t  different lengths are shown i n .  
Figure 8. 
with decreasing length. 
on length. T h i s  could be due either t o  surface effects  (from the surface 
treatment or precursor) or from the structure of the carbon i n  the fiber.  
I t  can be seen that the strength of the Hercules fibers increases 
The Union Carbide f iber  strengths were less dependent 
The f iber  c r i t i ca l  lengths of the AS-4, AU-4, NaOH anodized, and H2S04 
anodized f ibers  are shown in Table VI. The treated f ibers  show a much shorter 
f iber  length. 
improved f iber  matrix adhesion or due t o  a decrease in the f iber  strength. 
The results from the adsorption experiment are shown in Figure 9. 
Although the results ae scattered, i t  appears t h a t  more polysulfone i s  being 
adsorbed on the graphite powder surface from methylene chloride than from 
chloroform. No conclusions can be drawn from th i s  experiment as yet. 
However, i t  i s  f e l t  t h a t  the adsorption properties of f iber sizings may have a 
great effect  on the dynamical properties of the resulting composite. 
I t  i s  no t  certain a t  this point whether t h i s  i s  due t o  an 
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TABLE I 
ANODIZATION CONDITIONS 
E l e c t r o l y t e  Concentrat ion Vol tage Cur rens Time 
( V O l  t s )  (amps/ ) (minutes) 
NaOH 
H2S04 
0.05M 
0.10M 
0.25M 
0.50M 
1 . OOM 
0.50M 
0.05M 
0.10M 
0.25M 
0.50M 
1.00M 
0.50M 
5% 
5% 
4.0 
4.0 
4.0 
4.0 
4.0 
6.0 
4.0 
4.0 
4.0 
4.0 
4.0 
6.0 
2.4 
4.0 
4.0 
1.45 
1.93 
2.90 
4. a3 
7.74 
11.60 
2.90 
3.87 
7.74 
11.12 
10.64 
14.49 
0.48 
3. a6 
0.48 
30 
30 
30 
30 
30 
2 
30 
30 
30 
30 
30 
2 
30 
30 
30 
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T r e a  tme n t 
CONTROL 
PFB 
TFE 
TFAA 
PFPH 
Hg 
TABLE I 1  
DERIVATIZATION RESULTS FOR HERCULES AS-4 FIBERS 
- Atomic Percentages 
Func ti ona 1 C 0 N F Hg - - - - - Group 
84.9 11.0 4.1 0 - 
NH ,NH2 77.7 13.8 3.3 5.2 - 
COH 86.5 8.4 3.8 1.3 - 
COOH, COH 85.9 9.4 3.4 1.4 - 
c=o 82.9 11.7 4.4 0 - 
c=c 80.7 14.6 2.9 0 1.8 
0 
0 
0 
0 
a 
a 
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TABLE I11 
DERIVATIZATION RESULTS FOR CELION 6000 FIBERS 
Treatment Functional 
CONTROL 
Group 
PFG 
TFE 
NH, NH2 
COH 
TFAA COOH, COH 
PFPH c=o 
c=c 
Atomic Percentages 
C 
84.2 
81.6 
82.1 
81.6 
84.5 
81.5 
0 - 
14.1 
13.9 
13.7 
15.1 
12.4 
13.6 
N F 
1.6 0 
1.3 3.1 
1.9 1.0 
1.9 1.5 
2.0 1.2 
1.5 0.4 
L - 
a 
0 
e 
e 
0 
TABLE I V  
SURFACE ENERGY ANALYSIS 
F iber  yP yd 
Cel ion 6000 18.1 29.6 
AS- 4 22.0 29.4 
AU-4 18.2 28.1 
NaOH Anodized 
H2S04 Anodized 
. HN03 Boi led  
T-300 No Shear 
T-300 Shear 
21.0 28.8 
22.4 33.7 
18.1 29.6 
9.5 32.9 
11.1 35.8 
0 
e 
e 
TABLE V 
BREAKING STRENGTH OF CARBON FIBERS 
c S(GPa) U Fiber*  
Cel ion 6000 2.48 0.51 
2.87 0.87 AS- 4 
AU-4 2.71 0.79 
NaOH Anodized 2.21 Q_?$ 
"ZS04 2.12 0.95 
T-300 No Shear 2.20 0.39 
T-300 Shear 2.24 0.38 
*2.54 cm length 
TABLE V I  
FIBER CRITICAL LENGTHS OF FIBERS CAST I N  5% UDEL P1700 
Fiber  . Fiber  Length (rnrn) 4 
e 
e 
AS-4 
AU- 4 
H2S04 Anodized 
NaOH Anodized 
0.45 0.12 
0.42 0.11 
0.27 0.07 
0.34 0.08 
* 
0 
0 
Figure -1 
C F  
Q - w 2  
C C  
+ 0 n 
r 
TRIFLUOROACETIC ANHYRORIOE 
-COOH 
-CW COOCOCFS 
C+Q(CF;1CO2 1 
I 
C-OCH 2 C C l 3  
rl) 
N- 3.1 K 
Hercules AU-4 
0- 14.2 % 
N- 1.8 96 
si- s.0 w 
m 2w 288 
~ c r v l  
0 
15 
n Union Carbide * W O O  c - 9 r r  % 0 -  2 0 %  
Celion 6000 
C-81.1 % 
0- 14.2% 
N- 3.6% 
No- 1.1 K 
Hercules A S-4  
C-80.0 96 
0- 14 . s  96 
N- 5 . 5 %  
. 
Union Carbide T-300s L-7 
....JJ 0- 19.5% N- 2.2% . . .  
340 291 2Q 2.1 180 
! 
Union Carbide T-500 I 
C-81 .8% I 
0-  1s.596 I 
N- 2.7% I 
- 
I 
300 291 200 28s 
&Wng l w g y  I O V I  
e 
0 
c 
e 
a 
AU-4 AS-4 
Union Carbide 1-300 Celion 6000 
e 
0 
0 
I )  
HZSOL (O.SM1 A 
N -  1 . 5 %  
5 -  0 .0% 
si- 1.2% 
c - 68.4 % 
0-  2 h 9 %  
2 M  2w 28s 2w 3 00 2% 290 2)s 2IC m 
Una&* I w g y  I O V I  Binding Lnorgy (.VI 
I ._..  
C -  76 .3% 
0 -  1 7 . 3 %  
N -  6.4% 
0 
a 
A NaOH (0.5MI 
C -  7 5 . 6 %  
0 -  1 7 . 0 %  
N -  0 .9% 
N e  6 . 4 %  
H2° 
C - 64.1 % 
0 -  29.3% 
N -  4.1 % 
Si- 2 6 %  i 
0-  2 6 . 0 %  
N -  3.0% 
s -  0 % 
Si- 2 .6% 
\ 
< . . ' " ' ' " " ' "  
0 3 w  is; 255 Z?' 
c - 7 5 . 4 %  
0 -  18.0% 
N -  6 . 6 %  
10 
e 
c 
* 
e 
CRIGINAL PAGE IS 
OF POOR QUALITY 
0.05M H2S04 anodized 0.0SM NaOH anodized 
OSM NaOH anodized 
I 
HN03 boiled 
I 
Figure 6: UV A b w t i o q  
Bath 
c 
e 
U 
i a 
*I I/i: 0 
NaOH 
\-a -- 
e 
0 
.L, 
. 
Figure 7 of Surface T r m  Fib- - 
m 
c 
5)  
c, 
e 6 
1 
IOU li 
- 
C-2 
L 
ri 
3 
NaOH Anodized 
FABMS 
C J  
I c-s c-6 
w m r a  
+ F W S  
I 
c-) bS 0, Anodized 
+FAEMS 
H,SO, Anodized 
*FABMS 
